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THE KRAK MODEL OF FLUID-DRIVEN FRACTURE
PROPAGATION IN PERMEARLE ROCK

by Bryan .I. Travis
Lus Alamos National Laboratory

SPE

BGoresty of Petralmsm Engrmnre of ARL

This paper was presented at the Sociaty of Petroleum Engineers/Departmant of Energy Symponsium on Low
Permeability Gas Reservoirs, held in Dervev, CO., May 27-29, 1981. The materiul is subject to

correction by the author.

ABSTRACT

A model for calculating fluid-driven fracture
propagation in permeable, elastic media {s dascribed.
Flow in the fracture can range frow small to very
large Reynold's numbers. Heat and mass transport in
the crack and in the surrounding porous matrix are
both computed. C(rack shape at each time {nstant is
determined from Sneddon's {ntegral and cractl. extension
{9 controlled by the stresn intersity integral. Flow
in the crack and crack shape are fuily coupled. The
mode]l has been used Lo shuw the dependence of crack
propagation on material properties such as permeability
and tracture toughness, on in-ritu stresses and source

pressure history, and on vther properties.
INTRODUCTION

Control of fracture propagation is very important
for the succens of several in-situ technologies. For
example, a goal of explosive stivulation techniques
uned for gas recovery from shales is to produce long
fructures, thereby ygreatly increasing surface area
available for gas drainage. In containment of under-
around nuclear explosions, factors causing crack
krowth must be understuvd sy that such situations can
be avoide', 1In buth these technslogies, (ractures
are driven by gases and liquids through permeable media.

Conslderable effort has gone into etudying Lso-

thermal hvdraulic fracturing in elastic media (ses,

Releicacen and (llustrations at end ufl paper.

for example, Simonmon at al., 1976). Abe at al.

(1976) diacuss the avolution of modeling of hvdraulic
fracturing. Much less work has been published on
cracking in parmeable media, particularly by compress-
ible fluids. Pitts and Brandt (1977) constdered frac-
ture propagation in permeable media by an ilsothermal
gas but they ignored inertial and acceleration terms
in tha crack flov and also considered materials with
2ero fractura toughness. Settari (1979) presented a
model for fluid-driven fracture propagation in perme-
able madia, but made sevaral restricting assumptions
about crack flow, crack shape and fracturing .riterion
Ksller and Davis (1974) duvelopad a moede] for Mode |
fracturing {r [orous, elastic media driven by hot,
high-pressure steam. Davis and Travis (1977) and
Travis and Davis (1980) have ifrproved this mudel by
adding noncondensable gases and the strows intensity
factor criterion for crack extensiun, as vell as
foproved treatment of the equation of ntate for H,0
and of the numerics {n general. This last model in

the subject uf this paper.

KRAX_MODEL

The KRAK computer code calculatas the propaga-
tion of a fluid-drtven, Mode 1 fracture in an elawtic,
porous medium. Pressurized gases and/or liquide from
a cylindrical source flow into a short, tuclplent
penny-shaped crack lytng {n a plano normal to the
cylinder sxis (Figure 1l). Crack wxtunsion depends on
tha rate of leakage of driving fluld (nto the perous
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medium, the mechanical properties of the medium, and
the confining stress in the medium, as well as fluid
pressure,

Chemical explosives generate steam and noncon-
densables.

Also, the media of Interest typically

contain pore water. Introduction of hot fluids into
cocl, partiallv saturated rock will change the local
saturation levels, which will result in cuanges in
relative permeability which will affect leakage rates.
"t was considered important, then, to wmodel two-phase
flow in the wedium. Forchheimer's relation for

porcus media flow
V1 (] +a Rei ) = -kl 'Pi / My 1)

Re, = o, L Vitlux, a = 0.01/(1 - €)

i i

is used in the rock since strong pressure gradients
near the crack face may produce non-Darcy flow. Ui

k, and ., are the

it i
pressure, relative permeabilicy, and viscosity of

is the velocity of phase 1; P
phase 1, respectively. Viscogities are strongly
temperature dependent; relai.ive permeati.ities depend
cn saturaiions and pressure gradients. In the crack
itself, velocities can be large. Conseguenilv, the
Navier-Stokes momentum equations are needed. KRAK
solves a modified form known as the Fanning equation

for the velocity component V in the plane uf the crack

ALY D W) :’!'_.\_'2 )
v OV w(n)

Ir the last term, w is the local crack width and F
is tho Fanning friction factor. F depsnds on the
Revnold's number and on crack face roughness. We
use an analytical fit to experimental dats fer F that
sovers the range from laminar to fully turbulent
fiow (Figure 2). In a crack, we assume both phases
= ve with the same velocity.

(onservation squations {or mass and energy are

neeled to complate the demcription of the flow:

?ch :yldHO/(agvgvoong])'dA-
[edg @

%/no]vd:‘](ovvgv‘o\ V.') ‘dk .

/“ 61v an

)

-

ng’ hy Vy) dk =

-:-tfc Ee 40+ f(hgv

f: tg 42 -fe(rf-rm) 40 )

%f(x - ) Eman-fcmwm' ok

(6
[e(rf. T) die /(1 -e )t dn ’

Separate energy equatlons are solved for fluid and
matrix. If flow rates are high ard/or the particles
of the matrix are large, the fluid and the porcus
medium bathed by the fluid will not necessarily be in
thermodynamic equilibrium.

Noncondensables are treated as perfect gases. A
partially Lebuiur equation of state is used for H.,0.

In the fracture,fi and A can vary. This allows coupling

betwsen change in crack shape and the fluid dvnamics.

The velocities ng and 61 are determined by equations
(1) or (2).
Crack extension is determined from the stress
intensity factor (Barenblatt, 1962).
c
2 fL_I_’mQ_dr « Kie (M

R VToT

where KIC is the critical strems intensity factor,

is crack length, R° is the radius of the .entral cviin-
drical hole, and Pe(r,t) = P(r,t) = ~(r,t), where P {s
fluid pressure in the crack and 2 {s confining stress,
Crack width {s computed from Sneddon's integral
(Sueddon, 1946) for a pressurized static crack in an
elastic medium.

c

w(r) « & (1‘V2) Tdr x Pe(xi) dx (&)

TN RIS

Thic expression shuuld be reamonably accurate when

crack velocity is much less than the elastic wave
speeds of the mndium. Y and v in (8) are the Young's
modulus and Poleson's ratio, respectively., Confining
stress 0(r,t) can be the earth streas or any speciifed

distribution in space and time.
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NUMERICS

The KRAK computer code solves the equations listed
finice
Equation 2 is solved with 4 semi-
implicit technique (Gentry et al. 1966).

in the previous section using an integrated,
dif ference scheme.
( Equation 2
is valid regardless of changes in crack volumes -- it
ie obtained by subtracting the mass conservation equa-
tion from the momentum conservation equation.)

Constant or time-dependent boundary conditions
can be applied. Finlte as well as infinite sources are
allowed. Perueability can range from large values to
virtually zero.

The crack tip moves through the computational
mesh. A specilal crack tip zoning treatment provides
a stable transition as the crack tip moves from zone
to zona. Sensitivity to zone size in the r direction
is relatively weak, but is significant in the z direc-
tion. Fine zoning 1is used along the crack face for
accuracy. Earlier versions of the code aisplayed a
g£:allopud progross of crack growth, but addition of
the stress intensity integral criterion and special
crack tip zoning has made crack propagatior very
smooth.

Coupling between crack si.ape, crack tip pczition
and the fluld dynamics is cumplete, and is accomplished
{n each time step by an iterative procadure.

time step, KRAK

For each

(1} calculatens mass and heat flow in the crack and {n
the matrix,

(2) uses the equation of state tu determine ncw values

of pressure, temperature, etc.,

(}) in the crack, iterates on the crack shape, crack
length and the thermodynamic variables until
conslstency is achieved.

Sneddon's integral and Barenblatt's expression for

streus intensity are evaluated analytically using

plece-wise 1inear pressure. This analytic treatment
seems neceasary for stability and accuracy. Stralght-
forward numerical evua.uatfons produced maw-tooth crack

shape profilrs for occasional time stepsn.

MODIL VERIFICATION

We are not aware of any data that would allow all
partn of the KRAK code Lo be tested simultaneously.
Data in mlowly becoming available, however. For

oxample, an experimental program i{s being develuped by

Systemsa, Science and Software Corp. fo generate steam-
driven fractures in permeable Nevada Test Site tuff.

Also,
air-driver, fracture experimentn at the Nevada Test
Site.

the Sandia National Laboratories hag run a few

In the meantime, we have tested the various
parts of the code separately.

The two-phasc porous flow section of the model
has been compared with analytic eimilarity solutions
with excellent agreement. We have also compare the
code with tJo sets of experimental data. Cie set
conaistas of temperature histories recorded at various
dapths in a column of sand, initially ary, into which
hot steam wag continuously injected. Relevant mater-
ial properties were measured. The code agrees quite
well with this data. The nther set consists of tem-
perature histories and volumotric flow rates recorded
in samples of wet, recompacted tuff into which hot,
dry nitrogen was injected. Our model showed good
agreement with this data. Detaills of these compari-
sons will be avallable in a report being preparad on
the KRAK model,

One test of the fracture mechanics section of the
model has been a comparf{son with an explosi e frac-
turing experiment in a plexiglass block (Reference 4).
Figure 3 shows th¢ block used in one of these experi-
menta. A cylindrical hole with gruoves has beea
drilled intec the black.

indicated.

Two monitoring statlons are
A decoupled charge of YETN was placed in
tha borehcle and detonated. The resulting fracture
propagation history was captured b a Cranz/Shardin
nmultiple spark gap canera. Borchole pressure lu shown

in Figure 4. The results of the exprriment are sum-

5,

marized in Figure which {ndicates that the average
fracture velccity was about 400 m/s, and In Figure 6,
which displays the pressure history measured a. sta-
tion A The pressure has two peaks, the first appar-
ently associated with air surrounding the charge, and
the second asaoc.ated with the arrival of the explo-
sive producty. CGamsen vomoletely filled the crack.

An attempl was made to calculate thin exprriment
with the KRAK code

wvas used (ur the mource,

The lLorehole presmure of Fipgure 4
The relevant materiai pro-
parties of PMMA werc obtained. The axinymmetric geu=-
metry that the code presently umes is not really cor-
rect for this problem: how>ver, the width of tl e bore-
e
block {m thin; KRAK aumumes a plate of large thickneas.

hole wan used for tne diameter of the mource.
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Nevertheless, the calculational results are not great-
The dashad lipe
on Figure 5 indicates calculated crack length versus

ly different from the measurements.
time and lies fairly close to the data. Crack velo-
The dashed lioe
lated pressure history at
This may Le
due to o.r 1ldealized geometry or perhaps to reflections

city 1s very close to that observed.
on Figure 6 is the 11
station A and is sher than measured.
from the edge of the block. Figure 7 shows the

pressure and crack width profiles as calculated at
200 8. The fluid fills the crack.

lation was made with a reduced critical stress inten-

A second calcu-

sity factor K It 18 interesting that, in this

Ic’
case, the crack tip ran out ahead of the fluid froat

(Figure 8).

APPLICATIONS

Une important application of the KRAK cude 18 to
determine sensitivity of fracture propagation to
various physical parameters. For example, Figure 9
shows the effect of rock parmeability on crack growth,
41l other quantities held fixed. An incruase In
permeability, which increascs the leoakage rate thruvgh
the faves of a crack, sharply raduces crack velocity
and will also shorten final crack length.

Another example v given in Flgure 10, which
shows the effect of

source preasure. The larpe

iger In crack velocity illustrate the strong posi-

tive leedbalk vperating in the modei. Higher svurce

is adle v mnvre saslly ovvercome

JTeRS.TL Lo SRLY

L=:Tessive spiresses L.t al.sc widers the crack more,

sttal.r Telu Ang friii.n losses. Much more gas fin
Tatti.ties faviter I.eT e ra.x and more than off-
el [ := the vrack facer. Fov
LR Y .ns vere 1000"C, 81.5
I I RE Y Lo & ta=nearility wam 2 md., porunlly
" Tt Lutg 1 mii... eis L. wbdrs, Poisson's
I vl Y1 ttcave was o) bars, and the

‘ Cate e

e o b wet e . Appreximate the

i o Aty v e ctee: . '. av a crack propa-
e . o e *ep.nt ittt a high
R . T Atcaten such a

‘s.a a steam-fillaed
L s e . pary v gt 10 mdy,

R N T

‘:lt.'-\“‘. A T P I T vewr 0 ynry turmeable

material (1 darecy at 802 saturation). Young's modulus
and Poisson's ratio for both media were taken to be

40 kbars and 0.33, respectively.
Fluid loss into the high permeability

Frac-

Confining stress
was 25 hars.
zone bacomes 50 severe that crack growth ceases.
ture extension into the upper layer proceeds somewhat
farther when that layer's permeability is reduced to

0.1 darcy. However, the crack still stops growing.
Greatar source pressure can drive the fracture on

through the high permealb{lity material, as shown in
Figure 12.

the fracture will continue to extend, but at a re-

At preessures greater than about 200 bars,
duced velocity.

KRAK can also handle time-dependent in-situ
ytress flelds. In the following example, fracture
propagation through a time-varving confining stress
fiaeld is considered. The high pressure fluid source
i{n this case is a large (10 m. radius) spherical
cavity created by an underground nuclear explosion.
Whan such a cavity is formed, a strong stress wave is
This trans-

transmitted through the surrounding rcck.

{ent stress fleld was calculated with a stress wave

propagation coda. The tangential stress component was

used as the in-stitu stress for the fracture propasation
calculation. Interaction between the dynamic stiruss
fiald and the growing crack ls ignored, that is, the
crack's offect on the local stress state [s ignuied.
Also, tranrient behavior of matrix properties such as
Potuson's ratlo are I{gnored. In this example, matrix
permeability wan met at % md., porosity at 16", Young's
modulus at 30 kbars, Polason's ratfc at 0.3, krain
density at 2.4 um/cmq. thermal conductivity at 105
urgu/cm's, and specific heat at 107 erqa/gmuc. Intti-
ally, the rock matrix is at 30°C and #. satiration,

A small annular crack was amsumed iritially arcund the
The cavity {n fllled with

vavity pressure calculated (ur Lhis

aquator of the cavity,
steam at 1500°C.
exurcisg {n shown {n Figura 1?. The stress nermal to
tha crack plane changes with time. Flgures ls and 14
shov in-nitu mntrosd profiler at 20 and 40 meers. re-

spectivaly.
l6.

untt! about 20 muecs.

Crack length vn. time {a plotted {1t Figure
The confini{nug rtronnes do not allow crack growth
Tha crack bogine to widen at

14 msecw. At 20 meecs., the crack begine tu uxtend
but than shuts down due to readjustments in the strese

flald. Finally, vigorous crack growth begine at 2%
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msecs. Crack width at the base of tha crack becomes Re Reynolds number
rather large, approaching 2 cm. Maximum crack velocity Ro borehole radius
reaches 400 m/s. By 50 msec, the crack has extended r radial coordinate
about 8 m. and 1s slowing down. At about 55 msec, T temparature
rebound occure and the in-situ stresses increase to t time
the point vhere crack growth is shut off. v valocity

These examplas do not constitute an orderly, w crack half-width, function of r

comprehensive analysis of fracture propagation in Y Young's modulus
porous madia. That will be the subject of a future Greek

report. These examples have been given to show the 8 heat exchange coefficient batween fluid and rock
capabilities of the KRAK model. Future applications 1 mass gource or sink
will concentrate on liquid-driven fracturing, fracture |E porosity

enargy source or sink

(o]

planes pzssing through the axis of a cylindrical

svurce rather than normal to it, and fracturing for u viscosity
low Reynolds number flow. v Poigson's ratio
The model has been used primarily for studies of e} density
the conditions for cuutainment of hot, high-pressure g in-situ stress field
gases generat~d during underground nuclear explnsions. | volume element
However, the model is general enough and the code Subscripts
flexible enough to be used for many other applications,|f rafers to total fluid
such a3 explosive stimulatlion of gas-bearing for- [ refers to gas component
matiovng. Bd rafera to gas alssolved in liquid
Rv rafers to gas-vapor mixtura
CONCLUSION i refers to phase
1 refers to liquid component
A mathematical tool for calculating fluid-driven lv rafers to a liquid and .'s vaper
fracture propagation in porour media has been developed.m rafers to matrix
The var{ous parts of this model have bear compared v refars to vapor component

with experimental data. A varlety of examples have

buevn kiven to demunutrate the capabilities of tie REFERENCES
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KRAK CRACK MODEL
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Fig. 1 KRAK model fracture
geometry.

Fig. 2 Fanning friction factor.
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